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ABSTRACT

High performance and low cost are the two essential requirements necessary
for advanced ceramics to be considered for incorporation into future armor
systems. This work involved a comprehensive program, focused on
aluminum nitride based ceramics, which examined the critical ceramic
processing parameters and studied the impact these modifications had on
ballistic performance. The accomplished objective was to demonstrate that
low-cost fabrication methods could be utilized to produce high performance
aluminum nitride based ceramics. Using a spray-dry, dry-press, pressureless
sintering process, thick aluminum nitride tiles were produced with ballistic
performance equivalent to hot-pressed AIN materials. Several grades of AIN
powders with a broad range of chemistry and particle size characteristics were
examined. Because of their potential impact on tile manufacturing costs,
different sintering additives were also studied. Prior to ballistic testing,
sinterability was first established for each formulation tested. While
penetration resistance against a quarter scale tungsten long rod penetrator
(LRP) was the ultimate measure of performance during this program, several
other ballistic tests were also performed. Ballistic limits were obtained for
ceramic targets with a .30 caliber AP simulant and depth of penetration tests
were performed against .50 caliber APDS and SLAP rounds. The light caliber
tests were used as screening tools to guide AIN powder and sintering aid
optimization. Dynamic compressive strength, determined by a SHPB (split
Hopkinson pressure bar), was also found to be useful in guiding material and
process selection. Finally, AIN/SiC composites were found to have enhanced
ballistic penetration resistance characteristics and offered the potential for
even greater cost/performance benefits compared to the baseline materials.
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1.0 INTRODUCTION

Ceramic armor has been identified as a potentially significant structural
ceramic opportunity.l Based on the fit with its non-oxide technology base and
the near term markets, The Dow Chemical Company has championed the
recent development of ceramic based armor. However, despite impressive
performance advantages, price has been a major stumbling block to the
incorporation of ceramics into U.S. armored vehicles. The primary ceramics
being considered for use as armor include alumina, boron carbide, titanium
diboride and silicon carbide.2 These materials are extremely hard, have high
strength, are relatively lightweight and are typically expensive. Of these
ceramics, only alumina is sintered and has the desired pricing for ceramic
armor. Unfortunately, alumina does not offer the dramatic ballistic
improvement to justify its use. Based on an economic analysis of ceramics
production, cost was shown to be extremely volume sensitive.3 Currently,
there are few applications for non-oxide, structural ceramics which offer the
appropriate economies of scale (>1 million pounds).

Scientists at Lawrence Livermore National Laboratory (LLL.NL) reported that
AlIN plastically deformed under high pressure testing.4 The pressures studied
are similar to those which occur during a ballistic event and postulated that,
despite its atypical ceramic armor properties, it might be a useful armor
material. Meanwhile, interest in aluminum nitride has grown rapidly over
the past ten years because of the need for a high thermal conductivity
electroceramic.5 The development of fine, high purity powders has enabled the
densification of AIN and resulted in tremendous excitement for a high
thermal conductivity substrate and BeO replacement. Dow has identified AIN
as a potentially large ceramic powder opportunity and has developed the
capability for producing large quantities of high quality AIN powder. Based on
the potential economies of scale from the electroceramics applications and the
surprising results by Heard and Cline at LLNL, AIN, as a dual use material,
could meet both the performance and the cost requirements for ceramic
armor.

A proposal, " Development of Aluminum Nitride: A New Low-Cost Ceramic
Armor", was written to DARPA (Defense Advanced Research Project Agency)



in response to RFP (Request For Proposal) BAA-88-02, under a special
Congressional Balanced Technology Initiative (BTI) program. Several
technology areas were included in the BTI and armor was just one aspect of
the broad based program. A contract was awarded to determine if aluminum
nitride ceramics could provide the necessary combination of high penetration
resistance and low manufacturing costs. Contract No. DAAL03-88-C-0012 was
funded at $390,000 over a 18 month period which started August 1, 1988. While
the proposal included a provision for 2 optional years at ~$250,000/year, only
one of those was subsequently funded.

The overall objective of the aluminum nitride contract was to develop low cost
processing technology to fabricate large, high performance, aluminum nitride
tiles. Building on Dow's successes in the electroceramics area, a spray-dry,
dry-press, sintering process was chosen for this program.6 By determining
the interrelationships between ballistic performance and the critical
processing variables, a relative cost/performance formula could be established.
The initial phase of the contract was divided into two tasks. The first task
involved establishing baseline data and determining the critical processing
variables through a series of screening studies. The second task determined
the ballistic performance of selected compositions with light threats and then
based on this data, a few formulations were scaled up to a 10 ¢cm dia. by 5 cm
thick tile for quarter scale long rod penetrator (LRP) testing.

The first task of the contract involved the selection of aluminum nitride
powders and establishing baseline properties on hot-pressed samples of the
chosen powders. Hot-pressed ceramics are typically purer, have higher
densities and usually result in superior mechanical properties than sintered
products. By comparing the sintered results with those of the hot-pressed
materials, one can ascertain the effect of the sintering parameters on the
mechanical and ballistic performance of aluminum nitride ceramics. The
baseline data generated during this phase of the contract, including ballistic
and dynamic compressive test results from Southwest Research Institute
(SwRI), will be described in this report. The selection and characteristics of
the aluminum nitride powders will also be discussed. The hot-press
conditions employed to prepare these samples and the resulting chemical and
physical characteristics will be detailed as well.



Parallel to the hot-press study, two statistically designed screening studies
were undertaken to establish sintering formulations and processing
conditions suitable for achieving high densities. Based on the results of these
two sets of designed experiments, twenty compositions were selected for an
extensive evaluation of their ballistic and mechanical properties. Light caliber
ballistic screening tests included ballistic limit determinations with a .30
caliber AP simulant and depth of penetration measurements with .50 caliber
APDS and SLAP rounds. These tests were conducted at the University of
Dayton Research Institute (UDRI). The intent of this evaluation was to guide
the selection of a few promising AIN formulations which were expected to
meet the performance and cost goals of the contract. Sintered tiles (10 cm dia.
X 4.5 cm high) were then manufactured from the chosen compositions and
tested against the LRP.

The final phase of the contract examined the ballistic characteristics of
AIN/SiC composites. This composite system was chosen because both
components have the potential of being low-cost, since they are sinterable
materials with dual use capabilities. Silicon carbide and aluminum nitride
have also been shown to have excellent ballistic properties against a variety of
threats. While preliminary ballistic data? and sintering studies of AIN/SiC8
materials have been encouraging, up until now a detailed analysis of this
system for ballistic applications had not been done. Similar to the initial phase
of this contract, a combination of processing and ballistic screening studies
was utilized. The ballistic screening test was however, limited to .50 caliber
SLAP D.O.P. measurements. Two composites were evaluated against the
program standard LRP. Both of these sets of tests were performed at UDRI.



2.0 TECHNICAL WORK
2.1 Hot-Pressed Aluminum Nitride
2.1.1 POWDER SELECTION AND CHARACTERIZATION

Since the focus of this program was to establish cost/performance information,
powders with different qualities, and potentially different values, were desired
to establish differences. Therefore, powders were selected, from commercially
available sources, primarily to achieve a range of chemical and particle size
characteristics. It was not the intent of this study to critically evaluate the
various powder grades or their manufacturers. In addition, since this
program started in 1988, the powders used may not reflect the quality or grades
that are currently available. Based on economic and resource limitations, only
five grades of powder were studied during this contract.

Since the premise of this proposal involved the utilization of a potentially low
cost supply of powder produced by The Dow Chemical Company, a Dow
powder® was the first material chosen. At the same time that Dow's AIN
powder capabilities were being developed, AIN sintering and processing
technology was being developed using Tokuyama Soda powder.9 This powder
is prepared, similar to Dow, via the carbothermal route and was the premier
AIN product being marketed at that time. A second carbothermal powder was
needed for this contract as a comparison to the Dow powder. However, since so
much was already known from earlier work about the sintering and ballistic
characteristics of the Tokuyama Soda powder, there would be little value in
repeating much of that work. Therefore, instead, the higher purity and finer
Sumitomo Chemical powder, grade ANH-10 was chosen.# The remaining 3
powders selected were various grades of powders produced by the direct
nitridation of aluminum metal. Denka AP-10% was selected because of its
high surface area and moderate purity. Toyo Aluminum's TOYALNITE, F
grade® was coarser but had lower impurity levels. The lowest quality powder

9 Armor Grade, the Dow Chemical Company, Midland, MI.

# ANH-10, Sumitomo Chemical Co. LTD, Niihama, Japan

$ AP-10, DENKI KAGAKU KOGYO K. K., Tokyo, Japan

§ TOYALNITE F Grade, TOYO ALUMINUM K. K., Osaka, Japan
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chosen was ART grade 200.¢ This product had a broad particle size
distribution and high levels of metallic impurities.

The initial hot-press experiments used 1 kg powder samples which were
evaluated under a previous research program.10 When the contract started
and after the selection process was completed, the AIN powders were ordered
in quantities of at least 25 kg. Larger amounts of Denka and Dow were
purchased, since they were chosen as model powders which were used in
other Phase I, screening studies. The lot numbers and physical
characteristics of the original AIN powders used during the experimental
stage of the hot-press study are detailed in Table I. From the representative
SEM photomicrographs of the powders, shown in Figure 1, and the other
measured parameters, it can be seen that each powder is clearly different and
that a broad range of powder characteristics have been represented.

Table 1
Aluminum Nitride Powders Evaluated During Contract

POWDER ART Sumitomo |TOYO AL DOW DENKA
GRADE A200 ANH-10 F ARMOR AP-10
LOT # 870511 HI17221 8F.007 362425 | 10Pr8612
"TYPE Nitrided Al | Carbothermal | Nitrided Al | Carbothermal| Nitrided Al
SIZE* (um) 3.21 0.9 1.32 1.46 1.8
SEM values
High (um) 12 0.6 6 1.2 3
Low (um) 0.2 0.1 0.2 0.2 0.1
Mean (um) 4.0 0.3 15 0.3 1.0
BETS$ (m2/g) 18 49 34 2.5 4.1
O (wt. %) 1.68 1.78 153 1.20 1.80
C* (wt. %) 0.06 0.19 0.13 0.12 0.20
Fe (ppm) 500 <5 49 49 141
Si (ppm) 150 76 176 114 125
Ca (ppm) 15 60 13 570 6
Cr (ppm) 1 13 1 ND <10 5

Metallic Impurities measured by X-ray Fluorescence (XRF).£

¢ ALNEL 200, Advanced Refractory Technologies, Buffalo, NY
# CAPA-700, Horiba, Ltd, Kyoto, Japan

8 Monosorb, Model MS-6, Quantachrome, Syosset, NY

* TC-136 and IR 212, LECO Corp., St. Joseph, MI

£ Philips 1404, Mahwah, NJ




Fig. 1. SEM photomicrographs of the aluminum nitride powders used for this
hot-press study and evaluation.
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Fig. 1. B. Nitrided Aluminum AIN Powders
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2.1.2 HOT-PRESS OPTIMIZATION

The first task of this hot-press program was to establish the optimum hot-press
temperature for each powder being examined. From previous studies, it was
determined that AIN could be densified in the temperature range of 1800 -
1900°C and 24 MPa (3500 psi) of pressure. Since densification is a function of
average particle size and surface area, one would expect variations in the
densification behavior of these five AIN powders. Also, in order to evaluate the
impact of powder chemistry and particle size distribution on the mechanical
and ballistic performance, average grain size of each sample should be
roughly equivalent. Therefore, each powder was studied at 100°C intervals
between 1700°C and 2000°C. The maximum pressure was kept constant at
34.5 MPa (5000 psi).

2.2 cm (7/8") diameter split cylinder graphite dies were used for most of the
preliminary hot-press runs. The Dow samples were fabricated last and
because of wear to the smaller dies, a 3.8 cm (1.5") diameter die was used. The
split dies had a 7.6 cm (3") outer diameter and were supported by a 7.6 cm (3")
x 15.2 cm (6") x 9.5 cm (3.75") solid graphite hoop. 12.5 g of AIN powder was
loaded into the die which was lined with GRAFOIL®S . Two different powders
were pressed at the same time and were separated from each other using two
0.025 cm (10 mil) GRAFOIL® sheets. The expected thickness for the hot-
pressed parts was 1 cm. In order to obtain a sample of approximately equal
thickness, 47 g of the Dow powder was used with the larger die.

The typical heating cycle employed was 33°C/min up to 1200°C, then 25°C/min
to 1700°C, followed by 10°C/min to 1850°C and ending with the modest heating
rate of 5°C/min up to the desired maximum temperature of 1900°C or 2000°C.
When the desired temperature was 1700°C, then the heating rate reduction
occurred at 1600°C. This heating schedule minimizes overshoot of the desired
temperature, as well as maintaining a more uniform sample temperature. A
30 minute hold at the maximum temperature was consistent for all of the
samples. An initial load equivalent to ~3.7 MPa (500 psi) was applied to the die
stack during heat-up. The uniaxial load was increased over a five minute

§ GRAFOIL®, Union Carbide, Cleveland, OH



period to the maximum pressure at 1500°C. A representative heating and
pressure schedule for a 1900°C hot-press run is shown in figure 2.
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Fig. 2. Actual 1900°C hot-press run for Sumitomo and Denka AIN powders,
showing heating and pressure schedules and observed shrinkage behavior for
12.5 gram pellets in a 2.2 ¢cm die.

The pressure assisted densification of aluminum nitride was observed to be
related to the ultimate particle size and distribution, and purity of the five
powders. In figure 3, percent theoretical density is shown as a function of the
hot-pressing temperature for each powder.

Hot-pressing was extremely effective in densifying all of the five aluminum
nitride powders. However, the minimum temperature required to obtain
complete densification increased with increasing particle size. The two
carbothermal powders were essentially dense at 1700°C, while the broad
distribution of the nitrided aluminum powders and the higher average particle
size required the use of higher hot-pressing temperatures to achieve equivalent

9
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densities. Despite being coarser than the Sumitomo powder, the Dow powder
was slightly more active. The Dow powder achieved ~99% T.D. as low as
1600°C. The higher impurity content of the Dow powder, 570 ppm Ca, is most
likely responsible for this improved densification behavior. The ART powder
which had the highest average particle size, was not able to achieve full
density at 2000°C.
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Fig. 8. Hot-pressed densities for the five aluminum nitride powders as a
function of temperature.

While density is critical to the mechanical and ballistic performance of
aluminum nitride ceramics, grain size may also play a role. Therefore, the
effect of hot-pressing temperature on the average grain size of the five powders
was examined. Average grain size was estimated using a modification of
ASTM standard, E112-84, and straight line intercept methods with a computer
interfaced digitizing pad. To meet the requirements of the ASTM standard, a
magnification of 2000 times and typically 2 or 3 fields were necessary. For the
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line intercept method, a minimum of 50 and more typically, 100 grains were
measured. The results of this study are shown in figure 4. As expected, grain
size increased with increasing temperature, but the growth was not
exaggerated even at 2000°C.
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Fig. 4. Average grain size for the five hot-pressed aluminum nitride powders
as a function of temperature.

A major objective of this baseline study was to determine if there were any
performance differences observed which resulted from the unique
characteristics of these five powders. With this goal in mind, it was important
to minimize the potential for other effects, such as grain size and density, to
dominate and hence control the mechanical and ballistic properties.
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Based on this assumption and using the results of the hot-pressing study, the
conditions for scale-up, described in Table II, were chosen to optimize density
while maintaining roughly an equivalent average grain size for each powder.
Except for the carbothermal materials, the temperature selected was dictated
by the highest achievable density. The densification window was significantly
large for Dow and Sumitomo AIN, that the ultimate grain size became the
determining factor in selecting the specific hot-pressing conditions. The
targeted density and grain size values were ~100% of theoretical density and 2
to 4 microns respectively.

Table I
Optimized Hot-Pressing Conditions for Ballistic Targets
 POWDER | ARIT | Sumitomo [TOYOAL | DOW | DENKA |
| Temp. °C 1950 1850 1950 1800 1900
Time (min) &) 40 &0 30 0

Powders used for this phase were taken from the 25 kg lots which were ordered
at the start of the contract. As shown in Table III, the properties of these
materials were very similar to the original AIN powders described earlier in
Table 1. Seven tiles were hot-pressed of each powder. Ballistic tests at SwRI
required 10.2 cm (4") diameter tiles and at least two areal densities. Therefore,
4.6 cm (1.8") and 3.1 em (1.2") thick tiles (three of each size), corresponding to
areal densities of 15 and 10 g/cm2, were pressed from each AIN powder. In
addition, a 7.6 cm (3") square tile by 1.5 cm (0.6") thick, which was used for
determining mechanical properties, was also hot-pressed from each material.
In all cases, new carbon-carbon composite hoops were used to support the
graphite dies. The 19 cm (7.5") O.D. x 11.4 em (4.5") 1.D. x 15.2 cm (6") high,
graphite fiber reinforced cylinders provided the needed strength and
dimensions to produce the large tiles for this program. The heating schedules
were similar to the earlier runs, but the applied pressure was lower at 24.1
MPa (3500 psi).



Table IIT
Characteristics of AIN Powder Used in Preparing Ballistic Targets

T POWDER ART Sumitomo TOYO AL DOW | DENKA
~ GRADE A200 ANH-10 F ARMOR AP-10
LOT # 28467 HI18102 SF.020 | 89062048 | 10PF8612
TYPE N C N C N
SIZE um)| 3.15 0.9 2.36 168 1.8
SEM values
High (um) 12 0.6 6 1 3
Low (um) 0.2 0.1 0.2 0.2 0.1
Mean (um) 4.0 0.3 15 04 1.0
BET (m2/g) 2.2 49 26 297 4.1
0 (wt. %) 1.35 1.19 1.69 115 1.80
C (wt. %) 0.09 0.19 0.09 0.13 0.20
Fe (ppm) 662 <5 46 26 141
Si (ppm) 251 23 236 176 125
Ca (ppm) 10 35 14 444
Cr (ppm) 9 <5 <5 16 5

2.1.3 PHYSICAL AND MECHANICAL PROPERTIES

Specimens for measuring the physical and mechanical characteristics of the
five AIN hot-pressed materials were prepared from 7.6 cm x 7.6 cm x 1.5 cm
billets. These tiles were hot-pressed using the same conditions, Table II, as
employed for producing the larger ballistic specimens. It was assumed then
that the properties of these billets would be representative of the ballistic
samples.

Photomicrographs of the hot-pressed powders are shown in figure 7 and reveal
that the two carbothermal materials have noticeably finer microstructures
than the nitrided materials. ART and Toyo Aluminum had comparable
microstructures and were somewhat coarser than the DENKA product. While
some differences in grain size are apparent, all five powders were
manufactured to a very high density. The five materials had densities,
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measured by immersion using archimedes principle, which were greater
than 99% of theoretical. Based on these observations, the hot-press
temperatures for the carbothermal powders needed to be inicreased in order to
obtain more similar microstructures for all of the aluminum nitrides, while
still maintaining the desired high density. Since the grain size differences
appear to be less than a factor of 2 or 3, any performance advantage a
particular powder would have should not be grain size related. This is
particularly true since none of the materials have microstructures which are
close to the critical grain size where the mechanical and ballistic performance
degrades rapidly.11

Oxygen and carbon levels for the hot-pressed pieces were measured with
LECOY carbon determinator IR212 and TC136 oxygen/nitrogen determinator
after crushing in a diamond embedded steel mortar to -100 mesh. These
values were consistent with the powder values. Oxygen content slightly
decreased during hot-pressing, while the carbon levels were unchanged or
showed a modest increase. This result is expected from the heavily reducing
carbon environment present when using graphite dies and a graphite furnace.
Interestingly, the hot-pressed products were all different shades of gray. The
Dow samples were the darkest materials, while the ART billets were the
lightest. The Sumitomo powder resulted in a product which was a mixture of
light and dark regions. None of these observations appear to be associated with
the bulk chemistry of the powders or parts and an in depth analysis of this
phenomenon was not pursued.

¥ LECO Corporation, St. Joseph, MI
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Fig. 5. Photomicrographs of the hot-pressed aluminum nitride billets used for
mechanical evaluation and representative of the ballistic specimens.

A. Carbothermal Aluminum Nitride




Fig. 5. B. Nitrided Aluminum Materials
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The measured values for the two physical parameters, density and grain size,
and the respective carbon and oxygen contents are detailed in Table IV.

Table IV
Physical Parameters of Hot-Pressed Aluminum Nitride Billets
POWDER ART Sumitomo [TOYO AL DOW | DENKA
GRADE A200 ANH-10 F ARMOR AP-10
—__1oT# 28467 | HI8I02 | BF.020 | 89062948 | 10PF8612
Density (g/cm3) 3.227 3.250 3.237 3.238 3.241
% T.D. 99.0 99.7 99.3 99.3 994
Grain Size(um)| 4.1+1.9 2.0+0.8 3.7+1.3 2.3+1.0 3.0+1.2
Oxygen (wt. %) 1.2 15 1.3 1.0 1.0
Carbon (wt. %) 0.042 0.024 0.029 0.067 0.104

Specimens for the various mechanical tests were machined out of the five hot-
pressed square tiles. The 4-pt. bend tests utilized MIL-STD-1942B, except for
the non-reticulated supports. At least twelve of the 3 mm x 4 mm x 45 mm
bars were tested for each material. The crosshead speed was 0.054 cm/min.
Average flexural strength and Weibull modulus was determined for all five
powders. The sonic properties of two bend bars from each powder set, were
measured using the pulse-echo method.12 Microhardness was measured with
a Vickers diamond indentor and a load of 9.8 N (1000 grams) using a Tukon
Model 300 hardness tester. Averages of at least ten randomly positioned
indentations were measured.

Two types of compression data were generated during this study. The method
for measuring the static compressive strength of ceramics which was
developed at MTL (US Army Materials Technology Laboratory)13 was utilized
for analyzing these hot-pressed materials. Two dumbbell shaped specimens,
with an overall length of 3 cm (1.2"), a diameter of 1 cm (0.4") and a reduced
section of 0.5 cm (0.2"), were tested for each powder.

An examination of the mechanical characteristics of the hot-pressed
aluminum nitride parts revealed some interesting observations. The average
values measured for the aluminum nitride powders studied during this phase
of the contract are detailed in Table V. The number of specimens used to
determine the average strength values and corresponding Weibull modulus
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are listed next to the recorded values. The sonic properties, modulus,
poisson's ratio and sound speeds, were nearly identical for all of the five AIN
powders.

Table V
Mechanical Properties of Hot-Pressed AIN
POWDER ART Sumitomo (TOYO AL DOW DENKA
Hardness (GPa) | 11.0+04 | 11.6+04 | 11.0x04 | 11.2+0.6 | 10.8+0.3
[ Flexure (MPa) 320+ 46 310+41 377+25 326+ 44 351+35
Weibull 7.1 (15) 710D 151 (12) 7.0(11) 9.2(9)
Compressive 4.1 (3) 3.9(1) 45 4) 3.8(1) 3.9(2)
(GPa)
Modulus (GPa) 314 322 318 321 320
Poisson's Ratio 240 236 239 237 239
Long.(km/sec) 10.72 10.76 10.74 10.75 10.79
Shear (km/sec) 6.27 6.33 6.29 6.32 6.32

* Values in parentheses represent the number of samples used to determine
that parameter.

The nitrided materials as a group were stronger, both in compression and

flexure, than the carbothermal materials. Toyo Aluminum's powder
produced the material with the highest compressive and flexure strength. The
measured difference between the high and low strength materials was nearly
20%. While there were insufficient flexure data points for generating good
statistics (a minimum of 30 bars is usually required), the Weibull plots did
produce numbers with high correlation coefficients for all of the samples.
From the standard deviations, these differences are significant and reflect the
intrinsic properties of the five studied powders. Potential anomalies as a
result of orientation effects should be minimal since these aluminum nitrides
are largely isotropic and all specimens were cut from the hot-pressed billets in
a similar manner. Several of the flexure samples did fail at stress levels
significantly less<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>